INTRODUCTION
Bacterial respiratory chains often appear to be branched in the direction of 02 (Jones, 1977) , and alternative pathways differ in their efficiency of oxidative phosphorylation and in their sensitivity to respiratory inhibitors (De Hollander & Stouthamer, 1980; Porte & Vignais, 1980; Probst, 1980) . The existence of several electron-transport pathways in the same bacterium raises the question of the relative activity of each pathway in the absence of inhibitors. The role of the oxidases in accepting electrons from different endogenous substrates in native cell is also not clear (Wong & Maier, 1987) .
Several models have been proposed for electronflow distribution in branched respiratory chains of mitochondria. A 'simple competition' model (De Troostembergh & Nynss, 1978;  Wilson, 1988) suggests that ubiquinone can function as a pool for the respiration via the cytochrome c oxidase as well as for respiration via the alternative oxidase, with a random affinity for both acceptors, the electron flux in each acceptor being proportional to the respective acceptor activity. An ' overflow' model (Bahr & Bonner, 1973a,b) suggests that the alternative oxidase can serve as an overflow when the cytochrome system is saturated and unable to carry a sufficiently high electron flux. Thus the cytochrome chain is always functioning at its maximal capacity. A 'kinetic pools' model (Rustin et al., 1984) suggests that different kinetic pools of quinone could be unequally reduced by the various substrates, and would have differential access to the alternative pathway.
The coexistence of an alternative oxidase with the main chain in bacteria and an apparently different efficiency of alternative pathways in energy conservation suggest the operation of a mechanism able to control the distribution of the electron flux between both pathways.
But the mechanism of such control remains uncertain.
Previous studies (Fujita et al., 1966; Tikhonova et al., 1981; Artzatbanov et al. 1983a ) have indicated that the respiratory chain of a strictly aerobic bacterium Micrococcus luteus transfers electrons from respiratory substrates to 02 through a branched pathway. This possibility was suggested first on the basis of the different sensitivity of NADH and cytochrome c oxidase to KCN (Fujita et al., 1966) . Besides cytochrome oxidase a601 a second terminal oxidase was present (Tikhonova et al., 1981) . A cytochrome b558 reactive with CO could be the other terminal oxidase (Artzatbanov et al., 1 983a; Sheiko et al., 1985) . All these observations were made on isolated membranes that oxidized exogenous substrates at a low efficiency of oxidative phosphorylation.
A study of the interactions of different electrontransport branches operating in coupled cells and protoplasts of M. luteus, is reported here. The evidence for the existence and functioning of two terminal oxidases showing a different behaviour in respect of inhibitors and uncoupler is also reported. The tentative mechanism of the electron-flow distribution between two branches controlled by the energy state of the membrane has been proposed. A preliminary report of part of this work has already been published (Artzatbanov & Ostrovsky, 1986) .
MATERIALS AND METHODS
Cell culture and protoplast preparation Essentially, growth of bacteria and preparation of protoplasts were performed as described previously (Artzatbanov et exponential phase 6-7 h after inoculation and centrifuged at 5000 g for 10 min. For isolation of protoplasts, cells (I g wet wt.) were suspended in Medium 1 (1O ml) composed of I M-sucrose, 10 mM-Hepes, 50 mM-KCl, 5 mM-MgSO4, pH 7.3, and the suspension was incubated with lysozyme (1 mg/ I g of wet cells) for 30 min at 37 'C. The protoplast preparation was stored at 2-4 'C for several days.
Polarographic measurements
Rates of oxygen consumption by cells and protoplasts were measured polarographically at 22 'C with a Clarkstyle oxygen electrode. Oxidase activity of cells was measured in Medium 2, which was composed of cell growth medium diluted 1:1 with 2 M-sucrose and 25 mMMgSO4. Protoplast oxidase activity was measured in Medium 1. Proteolysis of external membrane proteins Freshly prepared protoplasts from 1 g of wet cells (10 ml of suspension) were incubated for 40-60 min at 37 'C with 2 mg of proteinase K (fungal; Merck) plus 4 mg of Pronase P (from Streptomyces griseus; Serva). Parallel treatment of 1 g of intact cells and incubation of protoplasts in proteinase-free medium were done to provide a control. An additional experiment was performed with trypsin (bovine pancreas; Calbiochem; 10 mg/protoplasts from 1 g of wet cells). In the control experiment protoplasts were treated with 10 mg of trypsin inhibitor (soybean; Reanal) before addition of trypsin.
RESULTS AND DISCUSSION
Fig . I shows the KCN-dependence of 02 uptake activity by M. leuteus cells. At 0.2 mM-KCN the 02 consumption rate was inhibited by about 20 % in the absence of the uncoupler carbonyl cyanide mchlorophenylhydrazone (CCCP) (Fig. la, E1 ) and oxidase activity was approx. 900 inhibited by 5.0 mM-KCN. In the absence of uncoupler, the slope of the cyanide inhibition curve varied with the different experiments and depended on the cell growth conditions, the phase of growth, the composition of reaction mixture and the time of cell starvation (results not shown). CCCP (4 /tM) caused a 50-800% stimulation of oxidase activity, and under these conditions 0.2 mM-KCN inhibited the oxidation by 50-60% ( Fig. la, (3 cyanide blocks cytochrome oxidase a-601, and we attribute the use of cytochrome o to the total respiration under these conditions. The inhibition of the main phosphorylating pathways of branched respiratory chain in aged cells of the yeast Candida albicans (Aoki & Ito-Kuwa, 1982) and in the fungus Histoplasma capsulatum (Maresca et al., 1979) by KCN also induced 10-250 stimulation of total oxidase activity. We assume that such stimulation could be due to 'de-energization' of the membrane by the inhibition of the phosphorylating branch.
With the quinone-analogue inhibitor 2-nonyl-4-hydroxyquinoline N-oxide (NQNO), the same inhibition pattern was observed (Fig. 2 , curve II): a low NQNO (9 /tM) concentration only partially inhibited the rate of endogenous substrate oxidation. Previously we demonstrated that NQNO was an inhibitor of oxidation of cytochromes b by M. luteus membranes (Tikhonova et al., 1981; Artzatbanov et al., 1983a ). Here we propose that NQNO partially inhibits the cytochrome o alternative respiratory system, and total oxidase activity in the presence ofNQNO most likely uses cytochrome a601 as the major oxidase.
Evidence to support this was determined by performing experiments in which 02 uptake activity was inhibited by simultaneous addition ofKCN and NQNO. The injection of 0.6 mM-KCN and 9,uM-NQNO together into the chamber resulted in a considerable decrease in the 02 consumption rate (Fig. 2) . patterns. have been observed in some branched mitochondrial respiratory chains (Maresca et al., 1979; Aoki & Ito-Kuwa, 1982; Sesay et al., 1988 (Artzatbanov et al., 1983a,b) .
On the basis of these results we propose that the bacteria are able to switch electrons between the two oxidase pathways so that electrons can be switched from the main branch to the alternative oxidase system in the presence of low KCN, and vice versa when NQNO is used as inhibitor. This proposition is confirmed by the experiment illustrated in Fig. 3 , where the 02 consumption rate was measured as a function of KCN concentration in protoplasts treated by exogenous proVol. 266 teinases. Proteolysis of external membrane proteins of protoplasts had no effect on the original rate of respiration, and it did not prevent the stimulation of endogenous respiration by CCCP. The oxidase activity of coupled control protoplasts (Fig. 3, (®) was almost completely resistant to cyanide at concentrations up to 1 mm, but very low concentrations of KCN induced the dramatic fall in the rate of respiration of coupled protoplasts with proteolysed external membrane proteins (Fig. 3, 0) . The effect of proteolysis on the KCNsensitivity of respiration increased with period of proteolysis, becoming maximal in 40-60 min; it was not observed when cells were used instead of protoplasts, and it was prevented by trypsin inhibitor when trypsin was used as proteolytic agent. Fig. 3 shows that, in the presence of CCCP, the respiration of both control (E) and proteolysed (U) protoplasts had a similar dependence on KCN concentration, and the initial rate of respiration was halved by low concentrations of KCN. The cyanide-inhibition curves of the uncoupled respiration experiments of Fig. 3 were very similar to the cyanide-inhibition curve of practically uncoupled NADH oxidation by M. luteus membrane fragments (Tikhonova et al., 1981 Recently dicyclohexylcarbodi-imide (DCCD) was demonstrated to be an inhibitor of the electron-transport chain (Honkakoski & Hassinen, 1986 ). In our experiments we found that after incubation of coupled protoplasts with DCCD endogenous substrate oxidation could be also inhibited by low concentrations of KCN. Fig. 4 (curve I) shows that addition of 100 ,tM-DCCD did not change the initial rate of 02 consumption by coupled protoplasts, but 0.6 mM-KCN added to a test chamber containing 100 ,tM-DCCD induced a considerable decrease in the rate of respiration, in contrast with the results obtained in the absence of DCCD (Fig.  4, curve II) . Since in the presence of both 100,uM-DCCD and 0.6 mM-KCN the residual oxidase activity was stimulated by CCCP (Fig. 4, curve I) , it was concluded that residual respiration was coupled to membranepotential generation. Higher concentrations of DCCD (0.2-0.5 mM) caused partial inhibition of the total endogenous oxidase activity (results not shown), and it was found previously (Artzatbanov et al., 1983a ) that 0.6 mM-KCN added after high concentrations of DCCD strongly inhibited the generation of membrane potential by native cells.
Our present results show that three different effectors (NQNO, DCCD and proteolysis of external membrane proteins) do not change the initial rate of 02 consumption by M. luteus protoplasts, but that this respiration becomes very sensitive to low concentrations of KCN. Apparently one respiratory pathway can be unmasked to operate in the presence of an inhibitor of the other pathway, and vice versa, as has been shown in some branched mitochondrial respiratory chains (Lambowitz et al., 1972; Sesay et al., 1988; Schwitzguebel & Palmer, 1983) . Thus, the effects ofNQNO, DCCD and proteolysis could be due to the inhibition of alternative respiratory system such that reducing equivalents pass preferentially down the KCN-sensitive cytochrome oxidase-containing pathway. On the other hand, KCN-difference aerobic spectra demonstrated (not shown) approx. 700 reduction of cytochrome a-601 at 0.1 mM-KCN, whereas the total 02-uptake activity by coupled protoplasts was almost unaffected by cyanide up to 1 mm (Figs. 2 and 3) . Apparently electrons can also be diverted from the cytochrome oxidase branch to the alternative oxidase if the cytochrome oxidase branch is blocked.
It should be stressed that the rate of 02 consumption by coupled cells and protoplasts is stimulated by CCCP, and the additional oxidase activity can be inhibited by 0.1 mM-KCN (Figs. 1 and 3 ). In agreement with results obtained with plant mitochondria (Wilson, 1988; Sesay et al., 1988; Elthon et al., 1986) , this suggests that uncoupling of membrane increases the electron flow via the cytochrome oxidase-containing respiratory branch.
Previously we demonstrated that the electron transfer via the cytochrome oxidase branch of M. luteus membrane particles was coupled to ATP synthesis, in contrast with an almost uncoupled electron flow via the alternative oxidase (Artzatbanov et al., 1983a,b) , as has been shown in other bacterial species (De Hollander & Stouthamer, 1980; Porte & Vignais, 1980) . It was found in yeast and plant mitochondria (Lambowitz et al., 1972; Schwitzguebel & Palmer, 1983; Day et al., 1988) that the inhibition of alternative pathway resulted in increasing of the respiratory control and P/O ratios. It was proposed that the overall phosphorylation efficiency must reflect the partition of electron flux between the cytochrome system and alternative oxidase.
It can therefore be assumed that the decrease of the magnitude of the protonmotive force induces the increase of the electron flow via cytochrome oxidase, owing to attenuation of the thermodynamic constraint on the electron-transport steps that are linked to proton translocation. Thus Suzuki & King (1983) have suggested that semiquinone produced when quinone is reduced by dehydrogenases can be a substrate for cytochrome respiratory complexes. If semiquinone can be oxidized by the main respiratory branch [for example, during the formation of a dynamic assembly between dehydrogenase and cytochrome complex (Zinov'eva et al., 1983) ] and quinol can serve as a substrate for the alternative respiratory system, then the activities of these two branches will depend on the rates of quinol and semiquinone generation and utilization.
The interconversion of quinol and semiquinone could provide the functional linkage between respiratory branches. When the intracellular ATP level is low, the fast oxidation of semiquinone by the main phosphorylating chain could decrease the steady-state concentration of semiquinone. This might decrease the rate of semiquinone reduction to quinol and lower the alternative oxidase activity, optimizing the use of substrates for maximum energy yields. When cytochrome oxidase is saturated or otherwise restricted (respiratory control, KCN), the alternative system becomes the major pathway for oxidation. The ability to switch electron flow from the main to the alternative system permits oxidation to continue when the intracellular ATP level is high and cannot be rapidly decreased. Bacteria differ from mitochondria in that the ADP/ATP translocator is usually absent in bacterial membrane, and the ATP concentration created by the ATP synthase cannot be decreased by operation ofthe adenine-nucleotide translocator. Such lowering of the ATP concentration in mitochondria might allow a high rate of electron transport by an unbranched proton-translocating respiratory chain.
In agreement with our results (Figs. 2-4 ) the recent reports suggest that, in branched respiratory chains of plant and nematode mitochondria, the inhibition of the alternative respiratory branch increases the electron transport along the main phosphorylating chain (Wilson, 1988; Elthon et al., 1986; Paget et al., 1988) . However, Vol. 266 our model would explain the preferred electron transfer via the main phosphorylating branch when the ATP concentration is low and the total oxidase activity is limited by the dehydrogenases [or rate of substrate generation (Kucera et al., 1987) ].
It was suggested that different terminal oxidases can serve for different substrates (Wong & Maier, 1987) . Furthermore, the extent to which one or the other branch is used may vary from substrate to substrate. This would explain the differences between the cyanidesensitivities of different substrates (Podzuweit & Arp, 1987) . However, the mechanism by which oxidases are utilized by certain reductants is not known. We assume that the extent to which semiquinone and quinol can be generated by each dehydrogenase could control the extent to which one or the other pathway is used. To confirm and clarify the role of quinones of different levels of reduction in electron-flow branching, steady-state measurements of quinol and semiquinone concentrations under different conditions are needed.
